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A  METHOD  FOR  MEASURIXG  THE  VISCOSITY  OF  BLAST- 
FURNACE SLAG  AT  HIGH  TEMPERATURES. 


By  Alexander  L.  Feild. 


INTRODUCTION. 

The  Bureau  of  Mines  is  investigating  the  problem  of  slag  viscosity, 
its  variation  with  the  temperature  and  with  the  composition  of  the 
slag,  and  its  effect  upon  the  'distribution  of  the  sulphur  between 
molten  iron  and  slag.  These  investigations  are  bcmg  conducted  in 
the  laboratories  of  the  Pittsburgh  station  of  the  Bureau  of  Mines,  and 
will  represent,  when  published,  an  introduction  to  a  series  of  contri- 
l)utions  to  the  theory  of  the  metallurgical  processes.  This  work  is 
being  carried  on  by  F.  H.  Willcox,  metallurgist  in  charge,  and  the 
author. 

The  relation  of  high  temperature  to  the  viscosity  of  blast-furnaoe 
slags,  aside  from  being  of  considerable  theoretical  interest  and  value, 
has  an  important  bearing  on  the  metallurgy  of  iron.  In  tliis  report 
is  described  a  new  method  for  determining  the  viscosity  of  blast- 
furnace slag  at  temperatures  as  high  as  1,600°  C.  The  convenient 
application  of  this  method  has  necessitated  the  development  of  a 
suitable  electric  furnace,  which  is  described  in  detail.  A  number  of 
viscosity  measurements  on  slags  are  given  for  the  purpose  of  illus- 
trating the  general  application  of  the  method.  Tlie  method  and 
the  furnace  dc^scribed  were  developed  in  the  course  of  the  investi- 
gations which  are  being  conducted  by  Mr.  Willcox  and  the  author. 
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THE  LITERATURE  ON  SLAG  VISCOSITY. 

The  viscosity  of  blast-furnace  slag  had  not  been  measured  previous 
to  the  investigation  described  in  this  report.  A  number  of  investi- 
gators have  determined  the  ''fusibility/^  or  softening  temperature, 
of  slags  by  means  of  the  cone  method  or  other  deformation  method, 
but  these  methods  supply  only  limited  information  regarding  the 
temperature- viscosity  relations  of  the  slag  in  question.  Any  defor- 
mation method  that  may  be  employed  indicates  only  the  temperature 
at  which  the  slag  attains  a  more  or  less  definite  viscosity,  the  magni- 
tude of  the  value  obtained  depending  on  the  method  used.  The  cone 
method  was  first  carefully  applied  to  the  study  of  slags  by  Boudouard.^ 

Fulton  ^  has  determined  the  melting  points  of  a  series  of  copper 
slags  by  means  of  the  thermal  method  of  the  Geophysical  Laboratory. 
Such  melting  points  correspond  to  that  temperature  at  which  the 
slag  passes  entirely  from  the  crystalline  to  the  amorphous  state,  and 
have  no  direct  relation  with  the  viscosity  of  the  melt.  Fulton 
obtained  an  idea  of  the  temperature  at  which  the  slag  became  fluid  by 
stirring  the  melt  with  a  heavy  platinum  rod.  The  melting  point 
temperature  was  much  lower  than  the  ''fluidity"  temperature,  the 
difference  between  these  two  temperatures  being  extremely  variable. 
An  apparatus,  consisting  essentially  of  a  graphite  crucible  with  an 
elongated  orifice  in  the  base,  has  been  devised  by  Johnson^  for 
determining  the  "dripping  point"  of  slags. 

The  application  of  customary  methods  of  viscosity  measurement 
have  been  very  slowly  applied  to  measurements  at  high  tempera- 
tures, owing  to  experimental  difficulties.  In  1907  Lorenz  and  Kal- 
mus  ^  and  Goodwin  and  Mailey  ^  measured  the  viscosity  of  a  number 
of  molten  salts  of  the  alkali  metals,  lead,  and  silver  by  means  of 
the  capillary  flow  method  up  to  temperatures  of  500°  to  600°  C. 
In  1908  Fawsitt^  employed  the  method  of  Coulomb^  to  determine 
the  viscosity  of  mercury  up  to  216°  C.  and  of  sodium  nitrate  up  to 
450°  C.  His  results  for  the  sodium  nitrate  agreed  with  those  of 
Goodwin  and  Mailey.     In  the  same  year  Arndt  ^  measured  the  vis- 

o  Boudouard,  O.,  Experiments  on  the  fusibility  of  blast-furnace  slags:  Jour.  Iron  and  Steel  Inst.,  vol.  67, 
1905,  pp.  339-382. 

b  Fulton,  C.  H.,  The  constitution  and  melting  points  of  a  series  of  copper  slags:  Trans.  Am.  Inst.  Min. 
Eng.,  vol.  44,  1912,  pp.  751-780. 

c  Johnson,  W.  McA.,  A  new  apparatus  for  determining  the  melting  points  of  slags:  Electrochem.  and 
Met.  Ind.,  vol.  4,  1906,  p.  263. 

d  Lorenz,  R.,  and  Kalmus,  H.  T.,  Die  Bestimmung  der  innern  Reibung  einiger  geschmolzen  Salze: 
Ztschr.  Phys.  Chem.,  Bd.  59,  1907,  pp.  244-251. 

«  Goodwin,  H.  M.,  and  Mailey,  R.  D.,  On  the  density,  electrical  conductivity,  and  viscosity  of  fused 
salts  and  their  mixtures:  Phys.  Rev.,  vol.  25,  1907,  p.  469;  vol.  26,  1908,  pp.  28-60. 

/  Fawsitt,  C.  E.,  On  the  determination  of  viscosity  at  high  temperatures:  Proc.  Roy.  Soc,  vol.  80,  1908, 
p.  290. 

g  Coulomb,  C.  A.:  Exp(^riences  destinies  h  d6terminer  la  coherence  des  fluides  et  les  lois  de  leur  resis- 
tance dans  les  mouvements  trfeslents:  Mem.  de  Plnstitut  (Savants  Etrangers),  1801,  t.  3,  p.  246;  Recherches 
thf'-oriqufts  et  experimentales  sur  la  force  torsion,  et  fur  l'6Iasticit6  des  fils  do  m^tal:  Hist,  de  I'Acad., 
17S4,  p.  229. 

A  Arndt,  Kurt,  Die  Messung  der  Zahigkeit:  Ztschr.  Chem.  Apparatenkunde,  vol.  3,  1908,  pp.  549-553. 
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cosity  of  boric  anhydride,  sodium  metaphosphate,  and  mixtures 
of  the  two  at  temperatures  of  700°  to  1,100°  C,  by  observing  the 
time  of  fall  of  a  platmum  cylinder  within  the  molten  substance. 
Such  a  method  is  suitable  for  very  viscous  liquids  only,  and  could 
be  applied  only  with  great  difficulty  to  blast-furnace  slags  at  working 
temperatures.  Arndt  also  measured  the  viscosity  of  glass  by  this 
method  at  temperatures  of  1,050°  to  1,130°  C.  Doelter^  in  1913 
applied  the  method  of  Amdt  to  the  determination  of  the  viscosity 
of  a  synthetic  diopside  containhig  5.02  per  cent  of  ferrous  oxide.  A 
large  temperature  coefficient  of  viscosity  was  noted,  the  viscosity 
at  1 ,300°  C.  being  five  times  that  of  castor  oil.  This  isolated  measure- 
ment by  Doelter  on  a  smglc  mixture  represents  the  highest  tempera- 
ture reached  in  the  various  viscosity  investigations  previous  to  those 
described  hi  this  report,  in  which  residts  may  be  referred  to  absolute 
units.  Arbitrary  deformation  tests  have  of  course  been  made  at 
much  higher  temperatures. 

THEORY  OF  THE  METHOD  EMPLOYED. 

In  these  investigations  the  author  has  used  a  modification  of  the 
method  originated  b}- Margules  ^  in  1881.  In  Margules's  method  the 
liquid  is  confhied  between  two  concentric  cylinders.  The  outer 
cylmder  is  rotated  at  a  constant  speed  and  the  torque  exerted  upon 
the  inner  cylinder  is  measured.  The  method  is  applicable  to  liquids 
of  a  wide  range  of  viscosity,  and  has  been  used,  with  modifications, 
by  Gumey*^  in  the  measurement  of  the  viscosity  of  water.  The 
principle  of  this  method  is  used  in  the  Clark  viscosimeter,  which 
fhids  application  in  the  physical  testing  of  petroleum,  oils,  lubricants, 
and  clay  slips.  According  to  Veuiberg  and  Smirnov,'^  a  method, 
similar  in  principle,  except  that  the  outer  cylinder  is  stationary  and 
the  imier  cylmder  is  rotated,  is  applicable  to  extremely  viscous 
substances.  The  modification  of  the  torsion  method  of  Marcrules 
that  has  been  used  in  the  present  investigation  has  been  applied 
without  difficulty  to  slags  at  temperatures  as  low  as  that  corre- 
spondhig  to  the  softening  temperature  of  the  slag  by  the  cone  method, 
and,  on  the  other  hand,  to  slags  at  temperatures  which  correspond 
to  working  furnace  temperatures — the  temperatures  covered  corre- 
sponding approximately  to  a  viscosity  range  of  200  to  3,000  (IljO  at 
20°  C.  =  1).^  The  determination  of  slag  viscosity  over  such  a  range 
of  temperature  was  considered  sufficient  for  the  purposes  of  this 
investigation. 

o  Doelter,  C,  Uber  die  Viscositat  der  Silicatschmelzen:  Chem.  Ztg.  vol.  36,  1912,  p.  509. 

b  Margules,  Mix,  tJher  die  Bestiramung  des  Reibungs-  und  Gleitungs-coefncienten  aus  ehenen  Bene- 
gungen  einer  Fliissigkelt:  Sitzungshpr.  Akad.  Wiss.,  Wien.  vol.  S3,  pt.  2,  IRSl,  p.  5S.S. 

c  Gumey,  L.  E.,  The  viscosity  of  water  at  very  low  rates  of  shear:  I'hys.  Rev.,  vol.  20,  19as,  pp.  98-120. 

d  Veinl)erg,  B.  1'.,  and  Smirnov,  I.  A.,  Comparison  of  some  methods  of  determining  tlie  viscosity  of 
pitch;  Jour.  Russ.  I'hys.  Chem.  Soc,  vol.  44,  1912,  pp.  a-.Tj;  Chem.  Abs..  vol.  6,  1912,  p.  M33. 

e  This  unit  of  measurement,  which  is  used  for  convenience,  is  equal  to  1/100  C.  (1.  S.  unit. 
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Experimental  data  derived  by  means  of  the  torsion  method  are 
capable  of  an  easy,  direct  mathematical  interpretation,  in  which 
respect  it  has  a  great  advantage  over  other  methods  such  as  that 
of  Segel,^  in  which  the  fall  of  a  metal  rod  mthin  a  hollow  cylinder 
is  measured,  the  space  between  being  filled  with  the  viscous  sub- 
stance. The  method  of  Arndt  approaches  more  closely  the  conditions 
imposed  by  the  use  of  Stokes's  law  governing  the  f  aU  of  a  sphere  in 
a  viscous  medium ;  but  even  here  the  interpretation  of  results  is  de- 
pendent on  an  assumption,  which,  however,  is  probably  entirely 
permissible  under  the  given  experimental  conditions. 

In  the  torsion  method  the  outer  cyhnder  is  rotated  about  a  vertical 
axis  at  a  constant  speed.  The  inner  cyhnder  is  suspended  coaxially 
within  the  outer  one  by  means  of  a  steel  or  phosphor  bronze  ribbon. 
The  space  between  them  is  filled  with  the  hquid,  whose  coefficient  of 
viscosity  may  be  designated  as  77.  It  may  be  shown  ^  by  means  of 
the  equation  of  Navier  and  the  equation  of  continuity  that  a  cylinder 
of  radius  h,  rotating  with  a  constant  angular  velocity,  co,  will  exert 
upon  an  inner  fixed  concentric  cylinder  of  radius  a  (the  space  between 
them  being  fiUed  with  the  hquid)  a  couple  V,  given  by  the  relation 

where  L  is  the  common  length  of  the  two  cylinders  and  the  effects 
due  to  the  ends  is  disregarded;  and  a  and  h  are  the  radii  of  the  inner 
and  outer  cyhnders,  respectively.  It  is  at  once  evident  that  with 
cyhnders  of  fixed  dimensions  the  viscosity  is  proportional  to  the 
torsion  couple  r  and  inversely  proportional  to  the  speed  of  rotation 
in  revolutions  per  second.  Conversely,  the  torsion  couple  is  propor- 
tional to  the  speed  of  rotation  and  also  proportional  to  the  viscosity. 
In  the  present  experiments  the  observed  end  effect,  or  torsion  couple 
arising  from  the  shear  exerted  by  the  end  surfaces,  amounted  to  23 
per  cent  of  the  total  effect.  Tliis  end  effect  was  determined  by  the 
use  of  two  inner  cylinders  of  equal  diameter  but  of  different  lengths 
(5.08  and  2.70  centimeters).  An  appreciable  fraction  of  the  end 
effect  was  obviously  caused  by  the  immersed  part  of  the  cyhnd-rical 
shaft  supporting  the  inner  cyhnder.  On  account  of  the  experi- 
mental conditions  at  liigh  temperatures  it  was  not  possible  to  use  a 
supporting  shaft  of  very  small  diameter,  such  as  is  easily  possible  at 
lower  temperatures.  As  is  shown  later,  the  torsion  couple,  inclusive 
of  the  end  effect,  is  proportional  to  the  speed  of  rotation  and  also  to 
the  viscosity  of  the  Hquid  over  a  considerable  range  of  speed  and 
viscosity ;  so  that  the  error  arising  from  the  end  effect  was  probably 
within  other  kaown  experimental  errors.     Hence  it  was  not  necessary 

a  Se^'el,  M.  tJber  eine  Methode  zur  Bestimmiuig  der  inneron  Reibung  fester  Korper,  Physikalische 
Ztschr.,  vol.  4,  1903,  p.  493. 
b  See  Gurney,  L.  E.,  The  viscosity  of  water  at  very  low  rates  of  shear:  Phys.  Rev.,  vol.  26, 1908,  pp.  98-120. 
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to  apply  any  correction  for  variations  of  end  effect  for  different 
viscosities  of  the  liquid  slag. 

The  theoretical  conditions  are,  among  other  things,  that  the 
cyhnders  are  concentric  and  that  the  conditions  about  the  ends — 
that  is,  the  depth  of  slag  and  relative  position  of  surfaces — is  the 
same  in  every  case.  Couotte  ^  in  early  experiments  with  this  method 
has  shown  that  in  this  case,  as  in  others  where  the  magnitude  of  a 
physical  effect  depends  on  the  relative  position  of  nearly  concentric 
cyhnders,  a  slight  eccentricity  produces  an  error  relatively  much 
smaller.  Gurney  ^  found  that  in  the  case  of  measurements  with 
water  as  the  liquid  and  wdth  an  inner  cyhnder  of  4.5  centimeters 
radius,  a  displacement  of  1  milhmeter  from  the  central  axis  of  the 
outer  cyhnder  caused  an  error  which  was  inappreciable.  He  remarks : 
"Any  departure  from  a  tndy  circular  cross  section  in  the  cyhnders, 
or  any  tilting  or  lack  of  concentricity  would  cause  an  apparent 
increase  in  77,  since  the  ideal  case  is  the  case  of  minimum  deflection. 
The  actual  case  may  also  differ  shghtly  from  the  ideal  in  other  ways, 
and  the  tendency  would  usually  be  to  increase  the  apparent  value 
of  77."  In  the  experiments  described  herein  it  is  probable  that  the 
eccentricity  of  the  inner  cyhnder  did  not  exceed  1  millimeter,  although 
an  eccentricity  of  this  magnitude  was  sometimes  noted,  without  any 
appreciable  effect  on  the  observed  deflection. 

PROBABLE  EFFECT  OF  SURFACE  SLIP. 

Twenty-three  years  after  the  pioneer  work  of  PoiseuiUe  (1842),  in 
establishing  the  hiws  of  internal  friction  in  fluids,  Helmholtz  and 
Piotrowski  ^  concludc^d  from  certain  experiments,  in  which  a  sphere 
full  of  a  hquid  was  allowed  to  oscillate,  that  there  existed  at  least  in 
some  cases  a  "slip"  at  the  boundary  plane  between  sohd  and  liquid. 
Wlietham,^  however,  25  years  later,  obtained  convincing  evidence 
from  experiments  with  a  silvered  capillar}^  that  there  was  no  ''sUp" 
for  such  li([uids  as  were  used  ])y  Helmholtz  and  Piotrowski.  He  attri- 
buted their  results  to  an  insufficient  recognition  of  the  effects  of  tem- 
perature and  to  an  inconstancy  in  the  bifilar  suspension  used.  Whet- 
ham's  conclusions  have  found  substantial  support  from  the  later 
researches  of  MutzeP  (1891),  Drew/  (1901),  Arnold^  (1911),  and  Zem- 
plen  and  Pogan}^'^  (1916).     In  general  it  seems  that  the  more  sensi- 

o  Couette,  M.,  Etudes  sur  le  frottement  des  liquides:  Ann.  chim.  phys.,  ser.  6,  t.  21,  1890,  p.  433-510. 

b  Gurney,  L.  E.,  Op.  cit.,  p.  110. 

c  Helmholtz,  H.,  and  Piotrowski,  — ,  Sitzungsl)er.  Akad.  Wiss.,  Wien,  vol.  50,  186.5,  p.  107. 

d  Whethtim,  W.C.  D.,  On  the  alleged  slipping  at  Iho  boundary  of  a  liquid  in  motion:  Philos.  Trans.,  vol. 
181,  1890,  p.  5.59-582. 

<  Mutzel,  K.,  Ueber  innere  Rcibung  von  Flussigkoiten:  Wied.  Annalen,  vol.  43,  1891,  p.  15. 

/  Drew,  E.  R.,  A  determination  of  the  viscosity  of  water:  I'hys.  Rev.,  vol.  12, 1901,  pp.  114-120. 

0  Arnold,  H.  D.,  Limitations  imposed  by  the  slip  and  inertia  terms  upon  Stokes's  law  for  the  motion  of 
spheres  through  liquids:  Philos.  Mag.,  vol.  22,  pp.  7.")5-77.");  Chicago  University  Theseus,  vol.  3,  30  pp. 

'i  Zemplen,  f!y();'o,  and  Pogany,  Bela,  Untersuchungen  uber  die  innere  Reibung  von  Flussigkeiten 
Innere  Reibung  und  Gleitung  tropfbarer  Flussigkeiten:  Ann.  der  Physik.,  vol.  49,  1916,  pp.  39-70. 
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live  the  experimental  method  the  smaller  the  possible  value  of  the 
''shp"  coefficient  becomes. 

Margules^  has  derived  an  expression  for  the  torsion  couple  exerted 
upon  the  inner  cylinder  which  takes  into  account  the  existence  of 
a  surface  ''slip."     It  is: 


T=4-Kv'Ljj 


^<|3  +  ^3)  +  a-^^) 


where  7  is  the  ''slip"  coefficient  or  ' ' Gleitungskoefficient. "     When 
7  is  equal  to  zero,  the  expression  reduces  to  that  previously  given, 

T=4:Tr'nL^2Zr^^ 

derived  on  the  assumption  that  there  is  no  slip  between  the  solid 
and  the  liquid  at  the  boundary  plane. 

In  the  present  investigations  the  magnitude  of  the  slip  has  not 
been  determined,  but  has  been  assumed  to  be  equal  to  zero  in  the 
case  of  the  low  rates  of  shear  employed — about  1  revolution  per 
second. 

DESCRIPTION  OF  FURNACE  AND  ACCESSORIES. 

The  electric  furnace  used  in  the  experiments  of  the  author  is  of 
the  granular  carbon,  resistance  type,  and  is  similar  as  regards  the 
arrangement  of  resistor  and  supporting  refractories  to  the  one 
described  by  Jeffries.^  The  arrangement  of  the  furnace  and  its  acces- 
sories are  shown  in  Plate  I. 

The  heating  zone  is  comparatively  large — 3  inches  in  diameter  and 
6  inches  long — and  consequently  required  very  efficient  heat  insula- 
tion of  the  cylindrical  part  of  the  heating  zone  and  also  of  the  circular 
ends.  The  maintaining  of  high  temperatures  for  a  comparatively 
long  period  necessitated  making  the  furnace  air-tight  by  means  of 
an  external  sheet-iron  shell  to  protect  the  resistor  from  oxidation 
and  prevent  excessive  generation  of  carbon  monoxide.  Exclusion 
of  the  atmosphere  from  the  interior  of  the  furnace  was  also  necessary 
to  protect  the  graphite  crucible  and  viscosity  spindle.  In  order  to 
afford  an  easy  means  of  renewing  the  granular  resistor,  inspecting 
the  interior  of  the  furnace,  and  introducing  the  graphite  crucible 
containing  the  slag  sample,  the  sheet-iron  shell  is  divided  horizontally 
along  a  plane  which  cuts  the  top  of  the  heating  zone.  When  the 
furnace  is  in  use  the  upper  part,  which  is  removable,  is  bolted  to 
the  stationary  lower  part  along  machined  flanges  provided  with 
asbestos  gaskets.  The  outer  furnace  shell  is  18  inches  long,  over  all, 
and  14  inches  in  diameter.  The  heating  zone  occupies  a  central 
position    within    the    shell.     Electrical    connection    is    made    with 

a  Margules,  M.,  Loc.  cit. 

b  Jeffries,  Zay,  Notes  on  the  gran-annular  electric  furnace:  Mot.  andChem.  Eng.,  vol.  12, 1914,  pp.  154-157. 


DESCRIPTION   OF   FURNACE   AND  ACCESSORIES.  11 

graphite  ring  electrodes  by  means  of  graphite  rods  inclosed  in  a 
sheet-iron  sheath.  The  graphite  core  of  these  electrode  connectors 
is  threaded  into  the  electrodes  proper.  The  connectors  are  continued 
through  the  sheet-iron  sliell  and  connected  externally  with  the 
leads  from  the  transfonner,  being  insulated  from  the  shell  by  means 
of  asbestos  packing.  The  outer  ends  of  the  connectors  are  water- 
cooled  to  prevent  heating  troubles. 

The  resistor  material  used  in  these  experiments  was  granular 
carbon,  although  ''cryptol"  or  graphite  could  be  used  as  well.  The 
granular  carbon  as  obtained  is  screened  to  approximately  20-mesh 
size. 

The  inner  and  outer  refractory  tubes  which  inclose  the  resistor 
material  are  of  Norton  alundum.  Both  glazed  and  unglazed  tubes 
have  been  used  without  any  particular  difference  in  their  behavior 
being  noted.  The  inner  and  outer  tubes  must  be  renewed  at  inter- 
vals, owing  to  cracking  which  apparently  can  not  be  avoided  even 
with  slow  rates  of  heating  and  cooling.  The  life  of  the  alundum  is 
considerably  prolonged  if  the  furnace  is  not  heated  to  temperatures 
above  1,500°  C.  The  alundum  heating  tubes  are  immediately 
surrounded  by  magnesite  chips,  which  in  turn  are  insulated  by 
kieselguhr  from  the  outer  shell.  The  end  parts  of  the  furnace  are 
insulated  with  kieselguhr,  which  is  protected  where  exposed  to  the 
intense  heat  of  the  heating  zone  by  a  layer  of  Northrup  cement 
placed  over  20-mesh  magnesite. 

As  the  upper  part  of  the  furnace  was  made  removable,  it  became 
necessary  to  find  a  means  of  supporting  the  kieselguhr  without 
introducing  any  fusible  or  heat  conducting  material.  Asbestos  and 
transite"  board  were  tried,  but  immediately  deteriorated  because  of 
dehydration  and  elimination  of  the  binding  material.  Accordingly, 
fire-clay  cylinders  were  placed  both  above  and  below  the  heating 
element,  and  the  upper  fire-clay  cylinder  was  bolted  to  the  top  of 
the  upper  removable  cylinder  by  means  of  lag  screws.  The  kieselguhr 
packed  between  the  fire-clay  ring  and  the  outer  shell  was  prevented 
from  falling  out  by  covering  the  surface  with  a  layer  of  Northrup 
cement. 

The  furnace  is  supported  vertically  by  a  tripod  bolted  to  the  sheet- 
iron  shell,  the  bottom  of  the  furnace  being  22  inches  above  the  floor 
of  the  room.  A  support  is  l)olted  to  the  upper,  removable  shell  to 
which  the  optical  pyrometer  is  attached  when  the  furnace  is  in  use. 

ROTATING   DEVICE. 

A  J-inch  steel  shaft,  by  means  of  which  the  cylindrical  crucible 
containing  th(^  slag  is  rotated,  ])r()jects  up  into  the  furnace  tlirougli  a 
stalling  ])()x  ])la('('d  ctuitrally  in  the  base  of  the  sheet-iron  shell.     The 

a  Commercial  product,  consists  principally  of  asbestos,  mixed  with  a  refractory  binding  material. 
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lower  end  of  the  shaft  is  supported  on  a  bearing  fixed  to  the  tripod. 
The  steel  shaft  extends  only  a  short  distance  beyond  the  bottom  of 
the  furnace  shell,  and  is  bored  for  the  reception  of  a  slightly  smaller 
Marquardt  porcelain  tube,  which  extends  up  to  the  beginning  of  the 
heating  zone.  The  graphite  crucible,  the  construction  of  which  is 
described  later,  is  set  into  the  porcelain  tube.  As  the  steel  shaft 
extends  12  inches  above  the  stuffing-box  bearing,  careful  machining 
and  adjustment  is  necessary  in  order  to  prevent  any  eccentricity  in 
the  rotation  of  the  crucible.  The  use  of  the  porcelain  tube  between 
the  highly  heated  crucible  and  the  steel  shaft  was  considered  neces- 
sary in  order  to  prevent  an  undesirable  conduction  of  heat  from  the 
slag  within  the  crucible. 

SOURCE    OF  HEAT. 

The  annular  ring  of  granular  carbon  resistor  is  one-half  inch  in 
thicloiess.  The  heating  current  is  supplied  by  a  transformer  equipped 
with  an  adjustable  panel  which  gives  voltages  ranging  from  40  to 
100  volts  in  steps  of  2  volts.  A  fine  adjustment  is  obtained  by  a 
slide-wire  resistance  coil  placed  m  the  primary  circuit.  The  maximum 
power  input  amounts  to  5  kilovolt  amperes  and  the  maximum  cm'- 
rent  to  110  amperes. 

FURNACE   ATMOSPHERE. 

The  normal  atmosphere  of  the  furnace  is  a  mixture  of  carbon 
monoxide  and  nitrogen,  and  hence  corresponds  to  that  in  the  hearth 
of  a  blast  furnace.  During  the  initial  runs  with  the  furnace  con- 
siderable quantities  of  combustible  gas  were  generated.  A  sample 
of  this  gas  was  analyzed  by  G.  A.  Burrell,  chemist  of  the  bureau, 
and  showed  the  foUowing  composition:  Hydrogen,  47.46  per  cent; 
carbon  monoxide,  35.78  per  cent;  carbon  dioxide,  9.75  per  cent; 
nitrogen,  5.37  per  cent;  oxygen,  1.56  per  cent.  The  gas  was  evi- 
dently formed  by  the  action  of  water  vapor,  expelled  from  the 
kiesclguhr,  on  the  incandescent  carbon  resistor.  This  excessive 
generation  of  hydrogen  and  carbon  monoxide  diminished  rapidly, 
owing  to  the  expulsion  of  the  water  of  combination  of  the  kieselguhr 
as  well  as  the  moisture  contained  therein. 

THE    VISCOSITY   APPARATUS. 

Acheson  graphite  seems  to  be  the  only  refractory  available  for 
such  use  as  that  of  high-temperature  viscosity  measurements  on 
blast-furnace  slag.  An  apparatus  or  crucible  made  of  platinum 
would  be  rapidly  destroyed  in  such  a  furnace  atmosphere,  especially 
as  all  slags  contain  considerable  quantities  of  iron  and  sulphur.  Of 
the  various  refractory  oxides  generally  used  zirconia,  the  refractory 
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properties  of  which  are  descrihed  by  Moyer,*^  comes  nearest  to  ful- 
filhng  the  necessary  conditions,  because  it  is  not  improbable  that  a 
refractory  mixture  maybe  made  from  it  that  will  not  flux  appreciably 
with  the  molten  slag.  Such  a  refractory,  however,  was  not  available 
when  these  experiments  were  performed. 

Acheson  graphite  possesses  the  advantages  of  having  a  very  low 
coefhcient  of  expansion,  a  relatively  great  mechanical  strength  at 
high  temperatures,  desirable  working  properties,  and  shows  inappre- 
ciable alteration  on  being  kept  for  long  periods  at  high  temperature. 
All  of  these  properties  are  desirable  for  the  construction  of  an  appa- 
ratus which  must  of  necessity  preserve  its  shape  and  dimensions  over 
a  wide  range  of  temperature.  The  action  of  the  molten  slag  on  the 
viscosity  spindle  immersed  in  it  is  so  small  that  the  radius  of  the 
spindle  decreases  only  approximately  0.005  centimeter  during  a 
viscosity  determination.  The  action  of  the  slag  is  perfectly  uniform 
over  the  surface  of  the  sphidle,  so  that  the  same  spindle  may  be  used 
repeatedly,  due  allowance  being  made  for  the  slight  change  in  its 
radius. 

The  construction  of  the  viscosity  spindle  and  connecting  rod  is 
shown  in  figure  1.  On  account  of  the  difficulty  of  machining  a 
graphite  rod  of  any  considerable  length,  possessing  as  small  a  diameter 
as  is  necessary  in  the  construction  of  this  apparatus,  the  viscosity 
spindle  and  connecting  rod  are  turned  separately  in  the  lathe.  When 
in  use  the  top  of  the  spindle  is  threaded  into  the  base  of  the  con- 
necting rod.  The  construction  permits  easy  renewal  of  the  spindle 
in  case  of  accidental  breakage,  which  is  liable  to  occur  when  the 
apparatus  is  handled  without  proper  care.  The  upper  part  of  the 
graphite  connecting  rod,  when  in  use,  is  sufficiently  cool  to  permit 
the  use  of  a  steel  connecting  collar  for  attaching  the  lower  graphite 
part  of  the  apparatus  to  the  upper  metal  part  of  the  suspension 
system,  described  below.  The  construction  of  the  graphite  crucible 
is  shown  in  figure  2. 

In  determining  the  viscosity  of  ordinary  liquids  at  room  tempera- 
tures by  the  torsion  method  there  is  no  particular  difficulty  in  accu- 
rately adjusthig  the  inner  and  outer  cylinders  and  in  maintaining  a 
comparatively  large  volume  of  the  liquid  at  the  required  temperature. 
Moreover  the  liquids  are  usually  of  such  low  specific  gravity  that  the 
weight  of  the  inner  cylinder  is  in  itself  sufliciently  groat  to  maintain 
the  suspended  system  centrally  within  the  rotating  outer  cylinder. 
For  these  reasons  the  inner  cylinder  may  ])e  made  comparativ(^ly 
large.  There  is  also  no  difficulty  under  such  conditions  of  (extending 
the  suspension  wire  or  ribbon  beneath  the  surface  of  the  licjuid. 

o  Meyer,  H.  C,  "  Zirconia,"  a  new  refractory,  Met.  and  Chem.  Eng.,  vol.  5,  1914,  p.  71)1;  P'urther  notes 
on  the  refractory  properties  of  zirconia,  vol.  7,  1915,  p.  2t)3. 
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At  very  high  temperatures,  however,  such  as  are  necessary  in  the 
determination  of  slag  viscosity,  the  specific  gravity  of  the  slag  is 
greater  than  that  of  the  immersed  graphite  spindle;  the  volume  of 

liquid  slag  that  can  be  maintained  at  a  uni- 
form temperature  is  comparatively  small; 
and  from  the  nature  of  the  case  the  steel 
suspension  ribbon  and  mirror  must  be  a 
considerable  distance  from  the  surface  of 
the  molten  slag.  In  the  furnace  used  the 
distance  from  the  surface  of  the  slag  to  the 
bottom  of  the  steel  suspension  ribbon  is 
approximately  21  inches;  the  spindle  itseK 
is  only  1  inch  long,  and 
the  steel  ribbon  about 
1  \  inches  long.  Such  a 
system  would  not  in 
itself  be  at  all  stable 
under  the  conditions  of 
measurement.  It  was 
therefore  necessary  to 
place  a  weight  of  ap- 
proximately 200  grams 
between  the  suspension 
ribbon  and  the  spindle 
at  a  point  just  outside 
the  furnace  sheU  and 
about  4^  inches  below 
the  suspension.  This 
weight  gives  stability  to 
the  system,  decreases 
the  effect  of  vibrations 
upon  the  mirror,  and 
holds  the  spindle  in  its 
position  in  the  rotating 
slag  mass.  Moreover, 
in  order  to  further  in- 
crease the  inertia  of  the 
system  about  its  longi- 
tudinal axis  and  to 
render  the  system  aper: 
iodic  and  practically 
nonsusceptible  to  dis- 
turbing influences  of  short  duration,  the  200-gram  weight  (see  fig.  3 
for  details  of  upper  part  of  suspension  system)  is  furnished  with  two 
diametrically  opposite  vanes  which  dip  into  cups  filled  with  a  viscous 
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Figure  1.— Viscosity  spindle  and  con- 
necting rod.  I.eft  view,  viscosity 
spindle— a,  graphite  spindle;  c,  spin- 
dle shaft.  Right  view,  connecting 
rod— 6,  graphite  rod;  d,  steel  con- 
necting collar. 


ELEVATION 

Figure  2.— Graphite  cru- 
cible; s,  supporting  rod. 
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fluid,  such  as  castor  oil,  at  a  distance  of  about  4  inches  from  the  axis 
of  the  system. 

The  steel  ribbon  used  was  0.15  millimeter  thick,  1.65  millimeters 
wide,  and  4.2  centimeters  long,  and  was  soldered  at  each  end  to  brass 
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FicuKE  3.— Upper  part  of  suspension  system,    m,  mirror;  r,  steel  suspension  ribbon;  «,  open  sector, 

w,  weight;  t'l,  vanes. 

lugs  which  are  hold  in  position  by  small  set  screws.  The  maximum 
scale  deflection,  obtained  in  measurements  made  at  the  lower  tem- 
peratures, corresponds  to  a  total  angular  twist  in  the  ribbon  of  about 
7°.     It  is  assumed  that  up  to  this  point  the  displacement  is  propor- 
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tional  to  the  torsion  couple.  The  mirror  deflection  was  measured  in 
the  usual  way  by  means  of  a  telescope  and  millimeter  scale. 

The  entire  suspension  system  is  fixed  to  a  rod  that  projects  hori- 
zontally from  an  apparatus  support  firmly  fixed  to  a  heavy  table  and 
is  provided  with  a  millimeter  scale  for  precise  vertical  adjustment  of 
the  app«>ratus.  The  furnace  itself  is  first  adjusted  so  thiJt  the  steel 
shaft  is  in  a  vertical  position,  which  insures  the  alignment  of  the 
crucible  also.  The  point  to  which  the  suspension  system  is  fixed  is 
then  aligned  by  means  of  a  plumb  bob  with  the  axis  of  the  shaft  and 
crucible.  In  this  manner  the  viscosity  spindle  is  suspended  centrally 
within  the  crucible. 

The  scale  reading  usually  fluctuates  slightly  around  a  mean  value, 
owing  to  unavoidable  irregularities.  As  the  fluctuation  does  not 
amount  to  more  than  one  scale  division,  and  the  scale  readings  vary 
from  about  20  to  200  millimeters,  the  maximum  error  introduced  by 
this  fluctuation  is  0.5  to  5  per  cent.  At  the  low^er  scale  readings, 
however,  the  measurement  of  temperature  is  subject  to  an  experi- 
mental error  of  10°,  which  will  in  general  affect  the  correctness  of  the 
scale  reading  by  about  10  per  cent,  as  can  be  seen  from  the  viscosity 
curves  shown  in  figures  4  to  7  (pp.  21-24.) 

THE  MEASUREMENT  OF  TEMPERATURE. 

The  temperature  of  the  slag  was  measured  by  means  of  an  optical 
pyrometer  of  the  Holborn-Kurlbaum  type.  The  pyrometer  lamp 
and  absorption  prism  that  was  regularly  used  in  the  experiments  had 
been  calibrated  by  the  Reichsanstalt.  As  a  check  on  this  lamp,  it 
was  compared  at  intervals  with  another  lamp,  which  also  had  been 
cahbrated  by  the  Reichsanstalt,  and  was  used  only  for  compari- 
son. The  readings  in  all  cases  coincided  within  the  aUowable  error 
of  observation.  As  a  further  check  on  the  lamp  and  the  absorption 
prism,  simultaneous  readings  of  temperature  were  made  with  the 
optical  pyrometer  mentioned  and  a  Bureau  of  Standards  thermo- 
couple (No.  443)  in  a  furnace  constructed  in  a  manner  similar  to  the 
well-known  ^^ black  body"  furnace  of  Lummer  and  Kurlbaum.** 
Without  the  absorption  prism  the  corrections  were  less  than  10°  for 
temperatures  ranging  from  1,000°  to  1,200°  C.  With  the  absorption 
prism  the  following  corrections  were  noted : 

Corrections  for  temperature  readings. 


Temperature. 

Correc- 
tion. 

Temperature. 

Correc- 
tion. 

1  200 



+38 
+37 
+40 
+40 

1,400 

°C. 

+43 

1 250                    

1,450 

+44 

1  300                                                        .   - 

1,500 

+50 

1 350                        

o  Lummer,  O., and  Kurlbaum,  F.,  Der  eleJctrisch  gegliihte  "schwarze  Korper":  Ann.  der  Physik,  vol.  5, 
1901,  p.  829. 
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The  pyrometer  is  sighted  directly  upon  the  surface  of  the  rotating 
slag  through  an  open  sector  in  the  200-grara  weight.     (See  fig.  3.) 

It  is  ohvious  that  the  rotation  of  the  crucible  containing  the  slag 
is  instrumental  in  obtaining  a  uniform  temperature  throughout  the 
slag  mass,  both  on  account  of  the  shearing  effect  of  the  viscosity 
spindle,  and  the  equalization  of  radiation  from  the  heating  tube. 

OPERATION  AND  MANIPULATION  OF  APPARATUS. 

The  method  of  using  the  apparatus  is  as  follows:  175  grams  of  slag 
is  placed  in  the  graphite  crucible.  This  quantity  of  slag,  when  gromid 
to  100  mesh,  approximately  fills  the  crucible  when  gently  packed 
down  in  it.  Although  the  height  of  the  crucible  internally  is  7  centi- 
meters the  slag  after  havmg  been  melted  and  cooled  forms  a  cylinder 
only  3.9  to  4.1  centimeters  in  length.  The  crucible,  containing  the 
slag,  is  properly  placed,  and  the  upper  removable  part  of  the  furnace 
is  fixed  in  position.  The  crucible  is  then  rotated  and  the  furnace  is 
heated  at  such  a  rate  that  at  the  end  of  about  IJ  hours  the  slag 
reaches  a  temperature  of  1,200°  C.  The  rate  of  heating  is  then  de- 
creased in  order  that  the  large  mass  of  slag  may  acquire  the  temper- 
ature of  the  heating  tube  and  diminish  the  lag  effect.  When  the 
slag  has  become  sufficiently  fluid,  as  determined  by  several  tentative 
lowerings  of  the  viscosity  spindle,  the  suspension  system  is  carefully 
lowered  until  the  viscosity  spindle  rests  on  the  bottom  of  the  cruci- 
ble. During  this  operation  the  rotation  of  the  crucible  is  stopped  in 
order  to  avoid  the  possibility  of  breaking  the  graphite  spindle  while 
it  is  introduced  into  the  viscous  slag.  The  spindle  is  then  raised 
exactly  0.5  centimeter  above  the  bottom  of  the  crucible,  the  adjust- 
ment being  made  by  means  of  the  scale  in  the  apparatus  support. 
If  all  types  of  slags  possessed  the  same  density  at  corresponding  high 
temperatures  the  top  of  the  viscosity  spindle  would  be  at  a  definite 
distance  below  the  surface  of  the  slag,  and  the  end  effect  due  to  the 
immersed  section  of  the  spindle  shaft  would  be  constant  for  all  types 
of  slags. 

Although  different  slags  at  a  given  high  temperature  undoubtedly 
have  different  densities  it  has  not  been  considered  necessary  to  deter- 
mine exactly  the  length  of  the  immersed  part  of  the  spindle  shaft. 
It  is  probable  that  the  greatest  error  that  might  be  thus  introduced 
is  not  more  than  2  or  3  per  cent;  and  in  most  cases  is  probably  much 
less. 

After  the  suspension  system  has  been  lowered  and  the  depth  of  the 
viscosity  spindle  adjusted,  the  temperature  of  the  slag  is  slowly  raised 
at  a  rate  of  2°  to  5°  C.  per  minute,  the  temperature  and  scale  deflec- 
tion being  noted  at  approximately  regular  intervals.  When  the  high- 
est temperature  desired,  usually  1,500°  to  1,600°  C,  is  reached  the 
heating  current  is  so  adjusted  that  the  furnace  cools  at  approxi- 
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mately  the  same  rate  that  it  was  heated.  Readings  of  deflection  and 
temperature  are  taken,  until  the  maximum  deflection  desired  (cor- 
responding to  a  viscosity  of  2,000  to  3,000)  is  reached.  The  spindle 
is  then  raised  out  of  the  slag  before  the  latter  becomes  hard  enough 
to  prevent  withdrawal. 


CALIBRATION    OF   THE    VISCOSITY   APPARATUS. 

The  viscosity  apparatus  is  calibrated  against  pure  castor  oil  whose 
viscosity  at  ordinary  temperatures  is  known.  This  method  of  cah- 
bration  has  been  generally  used  by  previous  investigators,  particu- 
larly by  Doelter  and  Arndt. 

Kahlbaum  and  Raber  ^  have  found  that  the  viscosity  of  castor  oil 
in  C.  G.  S.  units  (100  times  as  large  as  those  referred  to  water  at 
20°  C.)  could  be  expressed  for  temperatures  between  5°  and  21°  C. 
by  the  equation,  rj  =  59.301  c-«-0904(«^  ^^Vhen  t  equals  20.5°  C,  r;  is  equal 
to  9.297,  or  to  929.7  of  the  smaDer  units  that  are  used  exclusively 
hereafter  in  this  report.  Arndt  ^  obtained  measurements  upon  a 
sample  of  pure  castor  oil  which  agreed  with  those  calculated  by 
means  of  the  above  formula  of  Kahlbaum  and  Raber. 

The  sample  of  castor  oil  used  by  the  author  was  apparently  of  high 
purity,  was  colorless,  and  as  used  was  free  from  air  bubbles.  The 
following  experimental  results  were  obtained  in  a  calibration  at 
20.5°  C. 

Table  1. — Calibration  data. 

[Distance  of  scale  from  mirror,  87  centimeters.] 


Scale  deflec- 
tion. 

Time  of  1  revo- 
lution of  cru- 
cible. 

^^       87 

Millimeters. 

57 

62 

73 

85 
105 
110 
118 

Seconds. 

1.90 

1.77 

1.45 

1.24 

1.04 
.9f,6 
.890 

1.25 
1.26 
1.21 
1.21 
1.25 
1.22 
1.21 

A  similar  calibration  with  castor  oil  was  made  at  26°  C.  The 
viscosity  calculated  by  means  of  a  formula  given  by  Kahlbaum  and 
Raber  for  this  temperature  amounted  to  394.4.  The  viscosity  cal- 
culated from  the  calibration  data  obtained  at  20.5°  C.  gave  a  value 
of  390.8.     This  agreement  was  considered  satisfactory. 

The  temperature  of  the  castor  oil  was  in  each  case  measured  by 
means  of  a  calibrated  copper-constantan  thermocouple  and  a  Wolff 
potentiometer. 

a  Kahlbaum,  — ,  and  Raber,  — ,  Acta.  Ac.  Leop.,  vol.  84, 1905,  p.  204;  see  also  Arndt,  Kurt,  Die  Messung 
der  Zahigkeit:Ztschr.  Chem.  Apparatenkunde,  vol.  3,  1908,  pp.  549-553. 
b  Arndt,  K.,  Loo.  cit. 
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REGULATION   OF    SPEED    OF   ROTATION. 

The  electric  motor  used  in  rotating  the  furnace  shaft  was  operated 
by  a  110-volt  storage  battery  and  showed  a  remarkably  constant 
speed,  which  was  controlled  by  means  of  a  rheostat.  The  time 
required  for  at  least  30  revolutions  of  the  shaft  should  be  taken  by 
means  of  a  stopwatch;  this  was  done  a  number  of  times  during  each 
experiment.  The  slow  speed  of  the  furnace  shaft  was  obtained  by 
means  of  suitable  countershaft  and  pulleys  between  the  motor  and 
the  shaft. 

METHOD  OF  CALCULATING  RESULTS. 

In  a  determination  of  slag  viscosity  a  record  was  made  of  the  tem- 
perature of  the  slag,  the  scale  deflection,  the  distance  of  the  scale 
from  the  mirror,  and  the  speed  of  rotation  of  the  furnace  shaft.  The 
values  of  K,  representing  the  scale  deflection  in  millimeters  at  a  dis- 
tance of  1  centimeter  from  the  mirror  at  a  speed  of  rotation  of  1 
revolution  per  second,  were  calculated  in  a  manner  similar  to  that 
used  in  the  calibration  data  of  Table  1 .  For  a  spindle  and  suspension 
calibrated  as  described,  the  viscosity  of  the  slag  at  various  tempera- 
tures can  be  calculated  by  dividmg  the  slag  value  of  K  by  the  ob- 
served castor-oil  constant  and  multiplying  the  result  b}^  929.7,  the 
viscosity  of  castor  oil  at  20.5°  C. 

RESULTS  OF  VISCOSITY  MEASUREMENTS. 

The  results  of  viscosity  measurements  on  eight  different  slag  sam- 
ples (Lab.  Nos.  22954,  22962,  22958,  22963,  24016,  23663,  22960,  and 
22968)  are  given  in  Table  2  for  the  temperature  range  1,275°  to 
1,575°  C.  The  composition  of  the  slags  is  shown  by  the  results  of 
chemical  analyses  given  in  Table  3. 


Table  2. —  The  viscosity  of  typical  hlast-furnace  slags  at  various  temperatures. 

[H2Oat20°c.=  1.] 


Temperature, 

Viscosity  of  slag,  Lab.  No. — 

22954 

22962 

22958 

22963 

24016 

23663 

22960 

22968 

1,275 

1,400 
1,000 
820 
680 
540 
460 
400 
350 
310 
2S0 
2,J0 
220 

2.600 
1,500 
1,080 
800 
620 
500 
420 
3.50 
290 
250 
2.30 
205 

1,300 

1.700 
1.060 
800 
640 
510 
420 
350 
300 
260 
22.5 

1.900 
1.100 
840 
640 
510 
440 
380 
320 
2S0 
210 

1,325 

2.000 
740 
5(i() 
480 
410 
3W 
300 
250 
200 

3.000 

l.SOO 

1.220 

1,000 

820 

6S0 

5S0 

4  SO 

400 

340 

310 

1.350 

2. 600 
1.1.50 
750 
540 
410 
320 
230 
KiO 

i;375 

1,400 

3,000 
S.'^O 
4S0 
415 
3.S0 
310 
290 

1,425  . 

1,450 

1,175 

1,500 

1,525... 

l.-'iSO 

1,575 1 
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Table  3. — Results  of  analyses  of  the  eight  slags. 


Lab. 
No. 

Composition  of  slag. 

Total. 

Si02. 

AI2O3. 

FesOj. 

FeO. 

Fe. 

Ti02. 

CaO. 

MgO. 

MnO. 

CaS. 

Alka- 
lies. 

Mois- 
ture. 

22954 
22962 
22958 
22963 
24016 
23663 
22960 
22968 

P.ct. 

18.30 
31.54 
33.67 
34.27 
35.76 
36. 04 
37.18 
43.56 

P.ct. 
35.30 
14.79 
26.62 
13.78 
a  13. 36 
a  12. 10 
11.46 
9.48 

P.ct. 

0.00 
.00 
.00 
.00 

P.ct. 

0.47 

.07 

.28 
.07 

P.ct. 

0.05 
.22 
.51 

.28 

P.ct. 

0.58 
.29 
.28 
.56 

P.ct. 
31.24 

47.65 
26. 67 
41.30 
42.11 
42.04 
25.33 
40.18 

P.ct. 
9.69 
1.80 
6.43 
6.39 
3.94 
4.03 
19.  .58 
2.08 

P.ct. 

0.35 
.21 
.33 
.55 
.49 
.35 

2.21 
.21 

P.ct. 

4.07 

3.56 

4.86 

3.35 

3.70 

3.92 

3.51 

2.75 

P.ct. 
0.50 

P.ct. 

0.02 
.10 
.12 
.04 

P.ct. 

100.57 
100. 23 

99.  77 
100.59 

99.36 

98.48 
100. 25 

99.59 

"'."56' 

"'.'64' 
.05 

.00 
.00 

.31 
.21 

.11 

.38 

.52 
.19 

a  Includes  Fe203. 

Temperature-viscosity  curves  were  plotted,  as  shown  in  figures  4 
to  7.  The  curves  closely  approximate  in  form  a  rectangular  hyper- 
bola. These  curves  contain  all  the  experimentally  determined 
points  representing  the  temperature-viscosity  relations  observed  in 
the  heating  and  cooling  of  the  slag  sample.  In  this  way  any  possible 
differences  in  the  apparent  temperature  of  the  surface  of  the  slag  as 
measured  by  the  optical  pyrometer  and  the  actual  temperature 
witliin  the  slag  mass  are  brought  to  light.  On  account  of  this  fact, 
a  smooth  curve  drawn  through  all  the  points  must  represent  very 
closely  the  ideal  conditions  desired,  the  deviations  tending  to  neu- 
tralize one  another. 

The  temperature-fluidity  curves  for  the  eight  slags  mentioned  are 
also  given  in  figures  4  to  7.  The  values  were  calculated  by  means 
of  the  familiar  relation.  Fluidity  =  1/Viscosity.  As  was  to  have  been 
expected  from  the  general  shape  of  the  viscosity  curves,  the  curves 
representing  the  fluidity  at  various  temperatures  approximate  in 
form  a  straight  line. 

The  actual  experimental  data  obtained  in  the  case  of  slag  No.  22958 
are  given  in  Table  4,  which  contains  results  obtained  with  rising  and 
falling  temperatures.  Duplicate  determinations  on  separate  sam- 
ples of  slag  gave  results  which  agreed  well  within  the  known  errors  of 
measurement. 

Table  4. — Comparison  of  viscosity  values  obtained  with  rising  and  falling  temperatures. 
[Results  obtained  in  experiments  with  slag  designated  Lab.  No.  22958.] 


Rising  temperature. 

Falling  temperature.^ 

Temper- 

Viscos- 

Temper- 

Viscos- 

Temper- 

Viscos- 

ature, ''C. 

ity. 

ature,  "C. 

ity. 

ature,  °C. 

ity. 

1,382 

605 

1,292 

1,940 

1,382 

611 

1,410 

513 

1,297 

1,707 

1,387 

524 

1,415 

460 

1,302 

1,505 

1,425 

446 

1,425 

442 

1,312 

1,319 

1,440 

375 

1,322 

1,074 

1,466 

323 

1,463 

320 

1,3.37 

922 

1,470 

304 

1,350 

805 

1,488 

285 

1,473 

291 

1,.359 

728 

1,525 

228 

1,510 

255 

1,368 

689 

a  Results  are  given  in  reverse  order,  for  easy  comparison  with  results  under  "  Rising  temperature.** 


RESULTS    OF    VISCOSITY    MEASUREMENTS. 


21 


_ 

_5. 

J          55 

t          ^ 

r 

4           <;o 

7           ^" 

T 

t 

tOAA 

'^             45 

XOlfU 

it 

4 

J 

1  TlAA     - . 

/-                      4ft 

lUUU 

/ 

7 

1/tAA 

A-                 35 

14UU 

i 

ii            1 

7 

i^rtn                                        V 

/                                        1A 

l^UU                                                             1 

tiU 

11 

t 

1         o           . 

t-fi                                       9^ 

>H  iUUU                                                 — \ 

Eq                                                  • 

7 

o                                                y^ 

T 

T  /                                       20 

>    oOO                                                       ^ 

y 

t  r 

A7 

rAA 

4                                            15 

wU 

7    S^ 

r —      N 

'7 

w  -                                     1ft 

400                                            r" 

•iZ 

S' 

f— 

"\  . 

0(\(\                                                               o 

'^^^         5 

<:UU                                           -^ 

^             D 

1250 


S 

3 


1550 


1350  1450 

TEMPERATURE,  X. 

Figure  4.— Relations  of  temperature  to  fluidity  and  viscosity  shown  in  experiments  with  slag  No.  22954. 
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GENERAL   APPEARANCE    OF   THE    SLAG   MELTS. 

The  rate  of  decrease  in  the  temperature  of  the  furnace  on  cooling 
was  sufficiently  slow  to  prevent  the  formation  of   amorphous  glass 
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Figure  5.— Relations  of  temperature  to  fluidity  and  viscosity  shown  in  experiments  with  slag  No.  22958. 

such  as  is  frequently  observed  in  slag  samples  cooled  in  an  iron  chill. 
The  general  physical  appearance  of  the  slag  indicated  that  the  con- 
ditions under  which  crystallization  took  place  were  uniform  from  the 
center  of  the  melt  to  the  outer  sm'face,  as  far  as  could  be  judged  by 
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examination  imder  a  microscope.  There  was  no  evidence  of  a  glassy 
shell  inclosing  the  melt.  Crystals  easily  visible  to  the  eye  were 
frequently  formed  within  the  melt,  but  the  crystalline  structure  of 
the  slag  was  not  studied  systematically  in  comiection  with  the  experi- 
ments reported. 
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Figure  6.— Relations  of  temperature  to  tluidity  and  viscosity  shown  in  experiments  with  slag  No.  23663. 

AYlicn  cold  the  slag  was  easily  removed  from  tlie  graphite  crucible 
by  pressing  on  the  bottom  of  the  melt  through  the  hole  into  which 
the  graphite  crucible  support  is  threaded.  The  slag  on  cooling 
shrunk  away  from  the  graphite  crucil)le  wall  sufhcicntly  to  ])rcvcnt 
objcrti()na])le  ])in(ling  and  sticking.  The  melt  as  taken  from  the 
crucible  was  cylindrical  with  an  upper  surface  which  is  ahnost  flat, 
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as  the  viscosity  at  the  moment  when  the  spindle  was  withdrawn 
was  not  great  enough  to  prevent  the  slag  from  flowing  into  the  space 
previously  occupied  by  the  graphite  spindle. 


2400 
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Figure  7.— Relations  of  temperature  to  fluidity  and  viscosity  shown  in  experiments  with  slag  No.  22968. 

Tlie  separation  of  metallic  iron,  owing  to  the  strongly  reducing 
atmosphere  of  the  furnace  and  the  duration  and  intimacy  of  the 
contact  between  molten  slag  and  the  furnace  atmosphere,  was  fre- 
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quently  observed.  These  metallic  globules,  which  in  all  probability 
closely  approached  the  carbide  in  composition,  were  found  mostly 
on  or  near  the  surface  of  the  cooled  melt ;  some  were  2  to  3  millimeters 
in  diameter. 

DISCUSSION   OF   EXPERIMENTAL   RESULTS. 

If  an  average  slag  temperature  of  1,500°  C.  is  assumed,  an  exami- 
nation of  the  data  given  in  Table  2  discloses  the  fact  that  the  vis- 
cosity of  the  normal  blast-furnace  slag  as  it  flows  from  the  cinder 
notch  approximates  250  (HjO  at  20°  C.  =  1).  A  viscosity  of  about 
this  value  is  what  would  be  expected;  it  represents  a  viscosity  less 
than  that  of  castor  oil  at  room  temperatiu*e  but  greater  than  that  of 
ohve  oil. 

The  viscosity  value  of  the  eight  slags,  considered  in  Table  2,  at  a 
temperature  of  1,500°  C.  varied  from  230  to  480. 

If  the  maximmn  viscosity  at  which  a  slag  acts  satisfactorily  in  the 
furnace  is  assumed  to  be  300,  it  can  be  seen  from  Table  2  that  the 
temperatures  at  which  the  various  slags  attain  this  viscosity  vary 
over  a  comparatively  large  range.     These  temperatures  are  as  follows : 

Table  5. —  Temperature  variation  of  slag  at  viscosity  of  300. 


Lab.  No. 
of  slag. 

Tempera- 
ture, °C. 

Lab.  No. 
ofslaK. 

Tempera- 
ture, °C. 

22954 
22962 
22958 
229r.3 

1,480 
1,545 
1,475 
1,183 

24016 
236()3 
22960 
229G8 

1,471 
1,475 
1,187 
1,585 

Ths  slags  designated  Lab.  No.  22962  and  No.  22968  are  decidedly 
more  viscous  than  the  rest, 'No.  22962  corresponding  to  a  slag  with 
high  lime  content  and  No.  22968  to  a  slag  with  high  sihca  content. 
(See  Table  3). 

It  would  seem  that  even  such  high  percentages  of  alumina  as  are 
present  in  the  slags  designated  Lai).  Nos.  22954  and  22958,  although 
causing  in  the  former  a  high  initial  softening  temperature,  do  not 
have  a  very  noticeable  effect  on  the  viscosity  at  higher  temperatures. 
This  peculiar  property  of  alumina,  which  may  be  a  quite  general 
characteristic,  is  probably  associated  in  some  manner  with  the  uncer- 
tainty of  its  action  within  the  furnace. 

COMPARISON  OF  VISCOSITY  MEASUREMENTS  WITH  CONE   TESTS. 

It  was  thought  a  matter  of  interest  to  compare  the  results  of  vis- 
cosity measurements  with  cone  tests  made  with  corresponding  slags. 
The  test  pieces  were  prepared  according  to  a  method  which  has  been 
previously  described.**     The  softening  temperature  tests  were  made, 

aFieldner,  A.  C,  and  Feikl,  A.  L.,  A  new  method  and  furnace  for  the  determination  of  the  softening 
tem])erature  of  coal  ash  under  fuel-bed  conditions:  Jour.  Ind.  and  Eng.  Chem.,  vol.  7,  1915,  p.  829. 
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however,  in  a  platinum  wire  resistance  furnace  in  an  atmosphere  of 
air.  For  this  reason  the  comparison  is  not  a  strict  one  because  the 
state  of  oxidation  of  the  iron  content  of  the  slag  and  of  the  sulphur 
content  was  not  the  same  in  the  two  cases.  In  the  cone  tests  tem- 
perature measurements  were  made  with  a  platinum  and  platinum- 
rhodium  thermocouple,  calibrated  by  the  Bureau  of  Standards,  and 
a  cahbrated  Siemens-Halske  millivoltmeter.  The  softening  temper- 
atures observed  in  cone  tests  made  on  six  of  the  eight  slag  samples 
previously  considered  are  given  in  Table  6.  The  softening  tempera- 
ture is  expressed  as  an  interval,  the  first  temperature  being  the  tem- 
perature of  initial  deformation  and  the  last  the  ''down"  point. 

Table  6. — Softening  temperatures  determined  by  means  of  the  cone  method. 


Slag  used 
(Lab.  No.). 

Softening 
temperature. 

Calculated 
tempera- 
ture at 
which  slag 
attained  a 
viscosity  of 
2,000. 

22954     

°C.         °C. 
1,410  to  1,410 
1,403  to  1,443 

1.342  to  1,342 

1.343  to  1,360 
1,297  to  1,300 
1,279  to  1,279 

°C. 
1,360 
1,410 
1,290 
1,265 
1,285 
1,340 

22962 

22958                .   . 

22963 

22960 

22968 

In  the  third  column  of  Table  6  are  given  the  calculated  tempera- 
tures at  which  the  slag  melts  used  in  the  viscosity  determinations 
attained  a  viscosity  of  2,000.  The  softening  temperatures  as  deter- 
mined by  the  cone  test  in  air  are  higher  than  would  be  expected  from 
the  viscosity  measurements.  This  may  be  partly  due  to  the  effect  of 
the  oxidizing  atmosphere  on  the  slag  cone  at  elevated  temperatures. 
In  these  tests,  as  was  indicated  by  the  viscosity  measurements,  the 
slag  designated  Lab.  No.  22962  was  found  to  be  the  most  refractory. 

SUMMARY. 

A  modification  of  the  torsion  method  of  Margules  is  applicable  to 
the  measurement  of  the  viscosity  of  blast-furnace  slag  at  high  tem- 
peratures. 

The  upper  limit  of  temperature,  1600°  C,  attained  in  the  experi- 
ments is  imposed  by  the  furnace  refractories,  and  not  by  inherent 
limitations  in  the  viscosity  apparatus. 

A  single  run  with  the  furnace  gives  a  temperature-viscosity  curve 
over  a  wide  range  of  temperature. 

Viscosity  and  fluidity  curves  are  given  for  eight  typical  slags. 

The  temperature-viscosity  curve  in  the  cases  given  approximates 
in  form  that  of  the  rectangular  hyperbola,  whereas  the  temperature- 
fluidity  curve  approaches  a  straight  line. 
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The  average  viscosity  at  1500°  C.  of  eight  slags  was  found  to  be 
301  (HjO  at  20°  C.=l),  corresponding  to  a  viscosity  less  than  that  of 
castor  oil  at  room  temperature  but  greater  than  that  of  olive  oil. 

A  refractory  slag — that  is,  a  slag  possessing  a  high  initial  softening 
temperature — is  not  necessaril}^  more  viscous  at  high  temperatures 
than  a  more  fusible  slag.  This  fact  was  shown  by  experiments  with 
a  slag  containing  35.3  per  cent  alumina. 

It  is  thought  that  the  method  described  for  measuring  the  vis- 
cosity of  blast-fumaco  slags  at  high  temperature  is  applicable,  with 
suitable  modifications,  over  a  much  wider  range  of  viscosity  than 
was  considered  necessary  in  these  experiments. 
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